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We performed high-resolution angle-resolved photoemission spectroscopy on electron-doped high-
Tc superconductor Pr0.89LaCe0.11CuO4 to study the anisotropy of the superconducting gap. The
observed momentum dependence is basically consistent with the dx2−y2 -wave symmetry, but obvi-
ously deviates from the monotonic dx2−y2 gap function. The maximum gap is observed not at the
zone boundary, but at the hot spot where the antiferromagnetic spin fluctuation strongly couples
to the electrons on the Fermi surface. The present experimental results unambiguously indicate the
spin-mediated pairing mechanism in electron-doped high-Tc superconductors.
The anisotropy of superconducting (SC) gap is a di-
rect clue for understanding the origin and mechanism
of superconductivity. It is generally accepted that the
SC-gap symmetry of hole-doped high-Tc superconductors
(HTSCs) is dx2−y2 wave and is described with the gap
function of the monotonic dx2−y2 form ∆(k) ∝ cos(kxa)-
cos(kya) [1, 2], where the maximum and zero SC gaps
are located at the Brillouin-zone (BZ) boundary and the
diagonal, respectively. In electron-doped HTSCs, on the
other hand, the SC-gap symmetry is still under hot de-
bate. Although a general consensus for the overall dx2−y2
wave in the optimally doped region has been established
by the microwave [3, 4], scanning SQUID microscopy
[5], and angle-resolved photoemission (ARPES) experi-
ments [6, 7], it has been proposed that the gap function
in electron-doped HTSCs is substantially deviated from
the monotonic dx2−y2 wave [8, 9, 10] and further may
change into a different symmetry such as s wave in the
over-doped region [9, 11, 12, 13, 14].
These arguments on the SC-gap anisotropy are related
to the Fermi surface (FS) geometry with respect to the
magnetic BZ. If the antiferromagnetic (AF) spin fluc-
tuation mediates the pairing in HTSCs, the SC gap is
expected to have a large value at particular Fermi mo-
menta (kF ) connected to each other by the AF scatter-
ing vector Q = (pi, pi) [15]. This kF point, so-called
“hot spot”, is defined as an intersection of the FS and
the AF-BZ boundary as shown in Fig. 1. In the hole-
doped case, the large circular FS centered at (pi, pi) cuts
the AF-BZ boundary very close to (pi, 0), producing
the hot spot near (pi, 0). This situation does not al-
ter the characteristics of the original monotonic dx2−y2
gap function with the maximum gap at (pi, 0). In con-
trast, in the electron-doped case the hot spot is moved
toward the zone diagonal due to the shrinkage of hole-
like FS, which may distort the monotonic dx2−y2 gap
function by displacing the maximum gap from (pi, 0) to-
ward (pi/2, pi/2) [8, 9, 10]. Furthermore, the proximity
of the pairing potential with the opposite sign around
the zone diagonal may suppress the dx2−y2 gap symme-
try itself [9]. Although the detailed momentum depen-
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FIG. 1: Relation between the Fermi surface and the antiferro-
magnetic Brillouin zone for (a) hole- and (b) electron-doped
HTSCs. Thick solid curve and thin straight line show the FS
and the AF-BZ, respectively. Arrow and open circle show the
AF scattering vector Q = (pi, pi) and the hot spot, respec-
tively.
dence of the SC gap has been well studied by ARPES for
hole-doped HTSCs [1, 2, 16, 17, 18, 19], that of electron-
doped HTSCs has been hardly measured because of the
small (one-order smaller) SC gap compared with that of
hole-doped ones. However, the experimental elucidation
of the gap anisotropy in electron-doped HTSCs is highly
desired to understand the origin and mechanism of the
high-Tc superconductivity.
In this Letter, we report the direct observation of
the non-monotonic dx2−y2 SC gap in the electron-doped
HTSC Pr0.89LaCe0.11CuO4 (PLCCO) by high-resolution
ARPES. From the detailed measurements of the SC gap
along the FS, we found that the maximum SC gap is not
around the BZ boundary as expected from the monotonic
dx2−y2 gap function, but at the hot spot between (pi, 0)
and (pi/2, pi/2), where the spin fluctuation is expected
to most strongly couple to the electrons on the FS. We
discuss the implication of the present ARPES results in
relation to the origin of the high-Tc superconductivity.
High-quality single crystals of PLCCO (optimally
doped, transition temperature Tc = 26 K) were grown by
the traveling-solvent floating-zone method [20]. ARPES
measurements were performed with GAMMADATA-
2SCIENTA SES-200 spectrometer with a high-flux dis-
charging lamp and a toroidal grating monochromator at
Tohoku University. We used the He Iα resonance line
(21.218 eV) to excite photoelectrons. The energy and
angular (momentum) resolutions were set at 5 meV and
0.2◦ (0.01A˚−1), respectively. A clean surface of sample
for ARPES measurements was obtained by in-situ cleav-
ing along the (001) plane. The Fermi level of sample was
referred to that of a gold film evaporated onto the sample
substrate.
Figure 2 shows the ARPES spectra near the Fermi
level (EF ) of PLCCO measured along three representa-
tive cuts in the BZ (see the inset) and the corresponding
intensity plot as a function of the momentum and the
binding energy. We find in Fig. 2 that a highly dispersive
band crosses EF in all three cuts, forming a hole-like FS
centered at (pi, pi). However, the spectral line shape looks
quite different among the three cuts. In the (pi, 0)-(pi, pi)
cut (Figs. 2a and 2d), we clearly see the characteristic
quasiparticle (QP) behavior near EF , namely, the sudden
band bending and/or splitting at around 50 meV binding
energy, indicative of the QP mass-renormalization effect
near EF . In the cut which crosses the hot spot (Figs. 2b
and 2e), we find a substantial suppression of the spec-
tral weight from ∼100 meV to EF , which produces a
pseudogap at EF . It is noted here that this pseudogap
is different from the so-called small pseudogap, because
it has been reported that the small pseudogap is com-
parable in size to the SC gap [21]. In the diagonal cut
(Figs. 2c and 2f), the electron correlation effect such
as band bending is not seen and an almost straight dis-
persive band crosses EF . This strong anisotropy of the
electronic structure near EF as a function of momen-
tum observed in PLCCO is consistent with the previous
ARPES observation on a different electron-doped HTSC
Nd2−xCexCuO4 [22, 23] and is well explained in terms of
the AF correlation effect. Since the AF scattering vector
Q = (pi, pi) connects the electronic states at the AF-BZ
boundary, the strong coupling of electrons with the AF
fluctuation takes place at the intersection of the band and
the AF-BZ boundary. At the hot spot, this intersection
is just at EF , producing the (pseudo)gap at EF as seen
in Fig. 2. The observed differences of band dispersions
near EF for other two cuts are well explained in terms
of the relative position of the intersection with respect
to EF [23]. Thus, the observed characteristic behavior of
the band dispersion near EF shows the strong influence
from the AF fluctuation to the electronic structure near
EF .
Next, we discuss the anisotropy of the SC gap in
PLCCO. Figure 3 shows ARPES spectra in the close
vicinity of EF measured at temperatures below and
above Tc (8 K and 30 K, respectively) for three differ-
ent kF points as shown in the inset. Points A and C
are on the (pi, 0)-(pi, pi) and the diagonal cut, respec-
tively, and point B corresponds to the hot spot. We
FIG. 2: (a)-(c) ARPES spectra of PLCCO along three rep-
resentative cuts shown by arrow in each inset. Black-colored
spectra are measured at the Fermi momentum. (d)-(f) Cor-
responding ARPES-intensity plot as a function of the mo-
mentum and binding energy, showing the experimental band
dispersion. Peak positions in ARPES spectra are shown by
bars and dots.
find in Fig. 3 that the leading-edge midpoint of the 8-K
spectrum is shifted toward the high binding energy with
respect to that of the 30-K spectrum by a few meV at
points A and B, while that of point C does not show such
a remarkable temperature-induced shift. This suggests
that a dx2−y2-like SC gap opens at low temperatures in
PLCCO. However, it is remarked that the shift of mid-
point at point B looks slightly larger than that at point
A, exhibiting a striking contrast to the previous ARPES
results on the hole-doped HTSCs [1, 2, 16, 17, 18, 19]. In
order to quantitatively estimate the momentum depen-
dence of the SC gap in PLCCO, we numerically fit the
ARPES spectra by using the phenomenological Fermi-
Dirac function with the onset as a free parameter, multi-
plied by a linear function and convoluted with a Gaussian
resolution function [7]. Although the shift of leading-edge
midpoint (∆shift) in the spectrum is not equal to the SC-
gap size, it is empirically known that the ∆shift is about
a half of the SC gap and serves as a good measure for
it [1, 2, 6, 7, 17, 18, 24]. Estimated ∆shift’s are 2.0, 2.5,
and 0.1 meV with the accuracy of ±0.2 meV at points
A, B, and C, respectively. This clearly indicates that the
gap function of PLCCO is obviously deviated from the
monotonic dx2−y2 gap function. We have measured the
near-EF ARPES spectrum at 8 K for other several kF
points and estimated the ∆shift value. Including these
points, we plot the ∆shift’s as a function of the FS an-
3In
te
ns
ity
 (a
rb.
 un
its
)
Binding Energy (meV)
AB
C
EF1020 -10
 30 K
 8 K
B
A
∆shift = 0.1 meV 
∆shift = 2.5 meV 
∆shift = 2.0 meV 
-20
C
(0, 0) (pi, 0)
(pi, pi)(0, pi)
FIG. 3: Near-EF ARPES spectra measured below and above
Tc at three kF points on the FS shown in the inset. The 8-K
and 30-K spectra are shown by blue and red dots, respectively.
Solid curves show the fitting of the spectra.
gle (φ) in Fig. 4, together with the monotonic dx2−y2
gap function for comparison. The deviation of the mea-
sured ∆shift from the monotonic gap function is obvious.
The ∆shift is about 2 meV at around φ = 0
◦, and grad-
ually increases on increasing the FS angle, reaching the
maximum value of about 2.5 meV at φ = ∼ 25◦, which
corresponds to the hot spot. After passing the hot spot,
the ∆shift rapidly decreases and becomes almost zero at
the diagonal (φ = 45◦). We have fit this experimental
curve ∆shift(φ) with the non-monotonic dx2−y2 gap func-
tion ∆(φ) = ∆0[Bcos(2φ)+(1-B)cos(6φ)] which includes
the next higher harmonic (cos(6φ)) [8, 16, 19]. As shown
in Fig. 4, the experimental curve is well fitted with the
parameter set of ∆0 = 1.9 meV and B = 1.43, indicating
the substantial contribution from the second harmonic to
the gap function.
Finally we discuss the present observation in compar-
ison with previous studies. The polarized Raman spec-
troscopy [8] observed that the 2∆ peak in the B2g channel
(67 cm−1) is located at higher frequency than in the B1g
channel (50 cm−1). The former and latter Raman chan-
nels probe mainly the k regions around (0, 0)-(pi, pi) and
3
2
1
0L
ea
di
ng
-E
dg
e 
Sh
ift
 (m
eV
)
40 30 20 10 0
FS Angle φ (deg.)
 ∆0cos(2φ)
 ∆0[1.43cos(2φ)-0.43cos(6φ)] 
(pi, 0)(0, 0)
(pi, pi)
φ 
FIG. 4: The energy position of leading-edge midpoint (∆shift)
plotted as a function of the FS angle (φ). Solid curve is
the result of fitting ∆shift(φ) with the non-monotonic dx2−y2
gap function, ∆0[Bcos(2φ)+(1-B)cos(6φ)], compared with the
monotonic dx2−y2 gap function (broken line).
(pi, 0), respectively. Provided that the 2∆ peak in the
B2g channel is mainly contributed from the hot spot, the
Raman experimental result indicates a 1.3-times larger
SC gap at the hot spot than that around (pi, 0), in good
agreement with the present ARPES result (2.5 meV / 2
meV = 1.25). It has been theoretically predicted [9] that
the gap symmetry gradually changes from the dx2−y2
wave to a different one such as s or p wave, when the
hot spot is moved from (pi, 0) to (pi/2, pi/2) with elec-
tron doping. The calculated gap function in the inter-
mediate state exhibits the maximum gap around the hot
spot, in good agreement with the present observation in
PLCCO. The theory has predicted that the transition
of gap symmetry occurs when the FS angle of the hot
spot (φhs) reaches the critical value of ∼ 23
◦, which is
similar to the φhs observed in this study, suggesting that
the present sample, Pr1−xLaCexCuO4 with x = 0.11, is
on the boundary of the transition. ARPES on electron-
doped HTSC samples with more doping is highly desired
to study the transition of the gap symmetry.
In conclusion, the present high-resolution ARPES on
the electron-doped HTSC Pr0.89LaCe0.11CuO4 provides
a direct evidence for the non-monotonic dx2−y2 -wave SC
gap. The maximum gap is observed not at the BZ bound-
ary as expected from the monotonic dx2−y2 gap func-
tion, but at the hot spot between (pi, 0) and (pi/2, pi/2),
where the AF spin fluctuation most strongly couples to
the electrons on the FS. The experimentally determined
gap function is ∆0[1.43cos(2φ)-0.43cos(6φ)], indicative of
4a substantial contribution from the second harmonic of
the dx2−y2 order parameter. The present results indicate
that the pairing potential in both electron- and hole-
doped HTSCs commonly have the maximal magnitude
at the hot spot, suggesting the universality of the spin-
mediated pairing mechanism in both types of HTSCs.
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